Several studies showed changes in motor control performance following whole-body vibrations. It is difficult to compare the results and conclusions from studies in the literature, because they often use different experimental protocols. We conducted a series of four studies with a similar protocol to investigate the acute effect of whole-body vibrations on balance control, accuracy of movement execution, and cognitive attention and concentration. We found an increase in balancing time for a one-leg standing task with closed eyes. Two subsequent studies revealed a better accuracy in motor performance for jumping onto a target and improved hand coordination during the task of aiming with a laser pointer onto a target. In the fourth study no acute changes in cognitive attention and concentration was found following whole-body vibrations. Therefore, it appears that motor control areas in the brain benefit from whole-body vibrations whereas more complex brain structures do not cause an increase in attention or cognitive performance.
Introduction
Whole-body vibration (WBV) training becomes increasingly popular in fitness studios and rehabilitation centres. It can serve to augment the performance and training of athletes [1] . The human body reaction, based on a WBV treatment, depends on the character and frequency of the WBV [2] . Muscle spindles can be excited by WBV stimuli and cause muscle contraction [2] . The reaction of the human body to a WBV stimulus is multifaceted and non-linear with the excitation amplitude [3] . The absorption of the WBV stimulus in the human body is one reason for this effect. This absorption also depends on foot positioning on the platform [3] .
During whole-body vibration stochastic resonance phenomena are believed to occur [4] . In the literature this phenomenon is described as a short-term interference mechanism between the natural stochastic part of the neuron and an external stochastic part [5] . A modification in the neurotransmitter concentration in the brain has also been speculated to occur with WBV [6] .
Motivated by the findings from Parkinson studies on the effect of WBV on motor performance [6] we wanted to find out, whether an improvement in motor performance can also be observed in non pathological populations. If this is the case, athletes and the general population may benefit from WBV training.
We conducted a series of four studies to analyse the acute effects of a whole-body vibration treatment on balance control, accuracy of landing on a target, precision of hand coordination, and the effect on cognitive brain performance. The experimental procedures in these studies were kept similar to provide a base for a comprehensive and comparative discussion of our results.
Methods

Subjects
All of our studies were conducted with healthy sport student volunteers from the University Duisburg-Essen. Each volunteer was given written summary and oral information about the testing procedures. The participants were required to sign the consent form indicating voluntary participation in accordance with University of Duisburg-Essen policy.
Whole-body-vibration (WBV)
For the treatment we used whole-body vibration platforms based on the principle of a side alternating motion and generating a sinusoidal stimulus. In two studies we used the "Galileo Fitness" platform by Novotec Medical (Pforzheim, Germany) and for the other two studies the "Qionic-Board Classic" by QIONIC GmbH (Burtenbach, Germany).
The treatment consisted of a 2 minute WBV training with two different frequencies. The low frequency was 5 Hz in all studies. The high frequency was 26 Hz for the studies with the Galileo platform and 25 Hz for the studies with the Qionic device.
During the first minute the subjects stood freely on the platform and performed dynamic knee bends without shoes. The amplitude of the WBV depends on foot position on the platform. The further the feet stand apart from each other, the higher is the amplitude. The subjects stood always on foot position 2, as marked on the vibration standing plate. This foot position translates on the Galileo platform to a peakto-peak displacement of 5.4 mm and on the Qionic Board to 4 mm for both frequencies. The peak acceleration values were for the Galileo platform a peak, 5Hz = 0.27 g, a peak, 26 Hz = 6,79 g and for the Qionic Board a peak, 5Hz = 0.20 g, a peak , 26 Hz = 5,03 g. A test of "Skidding" [7] showed no skidding effect for both vibration frequencies on the two platforms. For the second minute of WBV application the subjects sat on the platforms.
Statistical Methods
For statistical evaluation we used analysis of variance (ANOVA) methods with post-hoc t-tests.
Balance
In our first study [8] we tested the influence of a WBV treatment on a static balance task with 19 female and 24 male young and healthy sport students from the University Duisburg-Essen. Their mean age was 23.4 ± 3.0 years.
In the literature it is reported that a WBV treatment with 6 Hz improves balance performance in Parkinson patients [9] . We wanted to investigate whether balance control improvement after WBV can also be observed in healthy sport students.
The subjects came on two different days and were instructed to stand as long as possible on one leg with closed eyes on an "Airex Balance Pad" with a thickness of 6 cm. Balancing duration was determined as follows. Time was measured from the moment the subjects closed their eyes on the balance pad until they lost balance by putting down their second leg for balance recovery. The time was measured with an electronic stopwatch.
Prior to the WBV treatment, the subjects repeated the balance task 7 times (Pre measurement). Thereafter, a WBV treatment followed on the "Galileo" platform. Immediately after the WBV the second balance measurement (Post) followed. The whole-body vibration treatment of 5 Hz and 26 Hz was randomized between subjects on both test days. The mean values from the 7 Pre and 7 Post balance task were calculated and used for statistical evaluation.
Results:
The statistical analysis did not show any gender differences in the results for either the Pre and Post measurements or the treatment effects. Therefore, the following results are based on the statistical analysis of the 43 male and female sport students.
Statistically significant improvements (p < 0.01) in balancing time were found after both the 5 Hz and 26 Hz WBV treatments. There were no significant differences between the two treatment conditions. The values in figure 1 are normalized to the Pre condition in percent. The mean standing time in the Pre condition for all subjects was 8.15 s.
Our first study showed that whole-body vibrations with 5 Hz and 26 Hz have an acute effect on balance control during a standing task in healthy sport students.
To maintain static balance the body needs information from kinesthetic, tactile and optical analysers. In our task information from the optical analyser was removed, because the subjects closed their eyes. For Parkinson patients a WBV treatment improved motor coordination performance [6] . The study explored ad-hoc reactions following WBV stimuli with 4 to 6 Hz. They found a reduction in gait impairment. Motivated by these results we used for our second study a more complex and dynamic motor task to explore whether WBV also has a positive effect on the motor performance of healthy sport students.
Accuracy in a jumping task
20 female and 20 male sport students from the University DuisburgEssen participated in this study [10] . Their mean age was 24.5 ± 2.2 years.
The chosen movement task was adapted from a children's coordination test (KiKo) [11] . Jumps for best landing accuracy were performed from a table (height = 70 cm) onto a target, placed on a firm landing mat. A target line in jumping direction was painted on the mat. The distance between table and the target line was chosen differently for women and men. In a pilot study jumps for maximum distance were performed with women and men. Using the means of these distances for both genders, the target line was set at 60% of these values. From this procedure the distance for the female subjects was set at 120 cm and for the male subjects at 155 cm.
All subjects were instructed to jump from the table and land as accurately as possible with the back of their heels on the target line. The subjects were free in choosing their preferred standing position on the table. However, they had to jump off and land with both feet. After landing the subjects were instructed to stand still until the measurements with a ruler were finished. The absolute distances from both heels to the target line were measured and averaged ( Figure 2 ). In addition to the two different WBV treatments on the "Galileo Fitness" platform (5 Hz, 26 Hz) a third treatment was introduced for this study. This task had also duration of 2 minutes, and the subjects were asked to detect figures in complex 3-D patterns. We told the subjects, that this task could serve to improve their concentration and may be beneficial for jumping more accurately.
Five jumps were performed before the treatment (Pre) in each of three test days. Thereafter, a treatment (5 Hz, 26 Hz or 3-D patterns) and a second set of 5 jumps (Post) followed. The treatment was randomized for the subjects across the three days. The mean values of the absolute target deviation values from the 5 Pre and 5 Post jumps were calculated for each individual and used for further statistical evaluation. Only the lower frequency showed significant changes in the accuracy of landing, although there is also a trend for better precision after the 26 Hz WBV treatment. The low frequency results are in line with the findings for Parkinson patients [6] . The study also showed an improvement of handwriting skills for their Parkinson patients [6] . Tremor was reduced and the handwriting was much clearer. With our third study we wanted to find out whether improved hand coordination can also be observed in healthy persons.
Hand coordination
20 female and 20 male sport students from the University DuisburgEssen participated in this study [12] . Their mean age was 24.2 ± 3.4 years.
All subjects sat on a chair with a laser pointer in their hand. At a distance of 10 m a 1 m x 1 m x 1 m box was positioned. The front plane of the box was made of Plexiglas with a target in its centre. The subjects were instructed to point with a laser pointer to the target as accurate and steady as possible for a duration of 20 s (figure 4).
The position and trace of the laser beam on the Plexiglas surface was recorded with a video camera at a frequency of 300 Hz from behind. We measured the length of the laser beam trace and its absolute deviation from the target centre for the middle 15 second period within the 20 second video recording.
The subjects performed the tests on two different days. After a 5 minute warm-up on a bicycle ergometer the subjects performed 3 times the measurement (Pre). The WBV treatment with the "Qionic Board" followed. Thereafter, we carried out a second measurement of the hand movement (Post). The assignment of the treatments (5 Hz, 25 Hz) between the two days was randomized for the subjects. The mean values from the 3 Pre and 3 Post measurements were calculated and used for statistical evaluation.
Results: When comparing the Pre conditions between the two different days there were no statistically significant differences for both the trace length of the laser beam and the absolute deviation from the target centre. Therefore, no learning effect was present from the first to the second day.
After the WBV with 5 Hz a statistically significant reduction of the trace length of the laser beam (p < 0.01) was observed ( Figure 5) . Similarly, the absolute deviation of the laser beam towards the target centre was significantly reduced after the 5 Hz WBV treatment (p < 0.01) ( Figure 6 ). No significant changes were found after the 25 Hz treatment.
Across all subjects and the two treatments the average trace length of the laser beam during one second was 21.92 cm. From 300 frames of 1 second video recording the sum of the absolute distance deviations from the target centre was 53.76 cm.
The above results fit well with the findings of improved hand writing abilities in Parkinson patients [6] . The authors reported improvements in hand coordination of their patients after low frequency WBV [6] . The results from our first three studies suggest that higher central nervous structures are involved in the improvements of balance and precision of movement execution after WBV. Stochastic resonance phenomena [4, 5] and a modification of neurotransmitter concentration [6] in the brain have been suggested as explanations for the improvements in motor abilities after WBV. From these hypotheses the question arises whether these changes in brain function are restricted to motor performance. Therefore, in our fourth study, we wanted to explore whether WBV also has an effect on cognitive attention and concentration.
Attention and concentration
60 male sport students from the University Duisburg-Essen participated in our fourth study [13] . Their mean age was 25.0 ± 2.7 years. They were randomly assigned to an experimental and a control group. The 30 subjects of each group started with a 5 minute warmup on a bicycle ergometer followed by Pre attention and concentration measurement. Thereafter they performed three psychological personality trait tests. The tests were about intelligence valuator, neuroticism and a test about cognitive estimation. After these tests the subjects carried out a simple manual task. This task was introduced to guarantee a constant break time of 35 minutes for all subjects between the Pre and Post measurements. After this break a second 5 minute warm-up and the treatment followed. Both groups performed their exercises on the Qionic-Classic Board. The experimental group with a frequency of 5 Hz and the control group with 0 Hz. Thereafter, the Post attention and concentration measurements followed. Attention and concentration were tested with the D2, Stroop and Trail Making Test. The D2 [14] is an attention test, and subjects are required to recognize and mark certain objects during a given time period. We measured the number of mistakes in percent (accuracy) and the number of worked items (speed). The third parameter (concentration) can be calculated from accuracy and speed [14] .
The Stroop test [15, 16] is a colour word interference test and consists of three subtests from which we only used the last one. In this test coloured words do not coincide with the meaning of the word (e.g. the word red is coloured green). The subjects had to name the colour of the written word to the test administrator. The required time for naming a list of words and the number of mistakes were recorded [15, 16] .
The Trail Making Test [17] consisted of two tests. In the first test, the subjects had to connect a set of 25 dots as fast and accurate as possible with a pencil. In the second test, they had to connect numbers with letters. For both tests performance times were evaluated.
Results: Between the two groups the psychological tests did not show a difference in personal trait between our experimental and control group. For all attention and concentration tests an improvement between Pre and Post measurements was present for the experimental as well as the control group. In the D2 test the subjects worked more items and made less mistakes. The times for the Stroop test and the Trail Making Test were reduced. However, there were no statistically significant differences between the control and experimental group for all attention and concentration tests. These results indicate that a learning effect was present for both groups. However, in comparison to the control group the 5 Hz WBV of our experimental group did not result in a better performance.
Discussion and Conclusions
The changes in balance performance agree with results from other authors [18] . These authors found that a 4 minute WBV at 15-30 Hz improves the balance of young and healthy persons.
The improvement in the accuracy of landing and hand coordination after the 5 Hz treatment is likely to be caused by a similar mechanism that improved gait and handwriting for Parkinson patients after WBV [6] . The authors also mention increases of neurotransmitter concentration in the brain as an additional explanation [6] . Animal experiments did show that changes in neurotransmitter concentration in the brain occurred after vibration stimuli. The concentration in noradrenalin increases after the vibration treatment in the brain of rats [19] .
Another explanation for the performance enhancement after low frequency treatment can be short-term neural mechanisms. The more accurate movement after the 5 Hz treatment may be explained by the introduction of noise, causing stochastic resonance effects in the central nervous system [20] . Other authors described this phenomenon with interference between the natural stochastic parts of the neurons and the external vibration stimulus [5] .
The results of our studies show, that WBV training on a "Galileo Fitness" and "Qionic-Classic Board" platform enhances the precision of landing on a target and improves hand coordination. However, this improvement is only statistically significant after a low frequency WBV at 5 Hz. This suggests that whole-body vibrations have an effect on the function of motor performance related brain structures. Effects on higher level cognitive and attention related brain performance could not be detected by our psychological measurement tests.
A limitation of our studies is the restriction to acute effects of WBVs on motor performance. Furthermore, our studies were performed with physically active and young sport students. Whether our findings will also apply to a general population remains an open question.
Improving accuracy and balance control has manifold and obvious applications for performance improvement in many sports. An improvement in motor performance has been reported for Parkinson patients [6] and was also found in our studies. There seems to be a general benefit in motor performance related brain function, which is not only limited to a pathological population. Therefore, low frequency whole-body vibrations could also be a training modality for the prevention of falls in the elderly. This field of application should be explored in more detail, because it would have an important impact on health care and life quality.
Future research should explore long term effects of WBV on motor performance. Can a regularly performed WBV training produce long-term effects of precision improvement? For Parkinson patients a positive effect of WBV lasted from several hours up to two days in some subjects [6] .
